The corrosion behavior of iron in diluted aqueous sulfuric acid medium has been studied in the presence and absence of 6-ethoxybenzo [d]thiazol-2-amine (EBT), 5-bromothiazol-2-amine (BTA) and 4,5-dimethylthiazol-2-amine (DTA). Potentiodynamic measurements showed the shift of corrosion potential towards a more negative potential indicating that these compounds mostly act as cathodic inhibitors due to their adsorption on the iron surface. The adsorbed film of these molecules hinders the transport of metal ions from the metal to the solution and also retards hydrogen evolution reaction by acting as a physical barrier. The molecules were also studied by density functional theory (DFT), using the B3LYP functional in order to determine the relationship between molecular structure and the corrosion inhibition efficiencies.
INTRODUCTION
Coinage metals are oxidized easily in aggressive solutions during industrial cleaning and different treatments such as acid pickling, acid descaling and acid cleaning. On a large scale, people use metal coating with paints and polymers in order to reduce the effect of different agents on their surface. The drawback of this procedure is the weak bond between the metal surface and the coating layer [1] . Protection of metals against corrosion in acidic media can also be attained through the use of inhibitors which are able to prevent or mitigate the oxidation reaction of the metal [2] [3] [4] . These materials can be inorganic or organic substances which, when added at small concentrations in acid solution, interact specifically with the metal surface; for example electrostatic attractions between charged molecules and metal surfaces, interactions of electron-rich atoms in molecules with metal, etc. [5, 6] . The metal protection can be also achieved through the use of surface modification strategies by chemical or electrochemical methods such SAM's (Self Assembled Monolayers) formed from phosphonic acids [7, 8] or electrochemical reduction of aryldiazonium salts on metals [9] , with the exception of 2,6-dimethylbenzene diazonium salt [10] . Once reduced electrochemically or chemically on the surface of the materials, aryl diazonium salts provide very reactive aryl species which react with their surface and form strong attached organic layers. In the case of an iron electrode, the organic films also reveal protective properties, as they diminish the iron corrosion rate in aqueous acid and neutral medium. In addition, different organic heterocyclic compounds have been found to be effective inhibitors for steel in different corrosive media [11] . The electron density of the molecule depends on the existing functional group in the molecules such as heteroatoms (e.g., N, O, S and P), aromatic rings and others [12] [13] [14] [15] . Molecules with high electron density are prone to coordinating to a greater extent with the metal surface, thereby acting as efficient corrosion inhibitors [16, 17] . Thiazole derivatives are considered non-cytotoxic substances, with the potential to replace other toxic organic inhibitors used for the corrosion protection of metals.
Quantum chemical methods are frequently utilized to clarify the physicochemical properties of the molecules of interest in order to understand their interaction with the metal surface and to define the centers in the molecules which are responsible for such interactions [12, 18, 19] . In this work, density functional theory is applied to obtain some molecular properties of 6-ethoxybenzo [d] thiazol-2-amine (EBT), 5-bromothiazol-2-amine (BTA) and 4,5-dimethylthiazol-2-amine (DTA) and to investigate the possible relationship between those computed molecular properties with the corrosion inhibition efficiencies of these molecules.
EXPERIMENTAL SECTION
The electrodes were made of commercial 316 stainless steel. For electrochemical measurements, wires with 0.55 cm 2 surface were used. The steel surface was mechanically polished with emery paper, cleaned with distilled water and degreased in ethanol, washed with distilled water and finally dried in air.
The polarization studies were carried out in 0.001 M sulfuric acid using a computer-controlled PalmSens potentiostat and employing a three electrode cell assembly. A saturated calomel electrode (SCE) and platinum electrode were used as the reference and auxiliary electrodes, respectively. All solutions were prepared from analytic grade chemicals and bidistilled water.
Computational details
The calculations presented below were done by using Functional Theory (DFT) method with the B3LYP functional using the 6-31G(d,p). Molecular parameters like electronegativity, global hardness and softness, electron affinity and ionization potential may be defined in relationships of the energy of the HOMO and the LUMO which can be calculated, in a reproducible manner, by the DFT/B3LYP method [17, 20] . The mentioned parameters, their meaning and the equations from which they can be calculated are presented in the table below:
Electronegativity (Χ) is the value of the power of an electron or group of atoms to attract electrons towards itself [21] η≈-1/2(E HOMO -E LUMO ) Chemical hardness (η) is the value of the resistance of an atom to a charge transfer [22] σ≈1/η=-2(E HOMO -E LUMO ) Chemical softness (σ) is the measure of the capacity of an atom or group of atoms to receive electrons
I≈-E HOMO Ionization potential (I) is defined as the amount of energy required to remove an electron from a molecule [23] A≈-E LUMO Electron affinity (A) is defined as the energy released when a proton is added to a system.
RESULTS AND DISCUSSION

Potentiodynamic polarization
The anodic and cathodic polarization curves of a mild steel electrode in aqueous 0.001 M H 2 SO 4 in the absence and presence of various heterocyclic compounds at 25 ºC are shown in Figure  1 . One can observe in all of these semi-logarithmic polarization curves that in the presence of DTA, EBT and BTA molecules, the decrease of anodic and cathodic current indicates that the oxidation of the iron and the proton discharge are slowed down.
This protection is attributed to the adsorption of the inhibitor over the corroded metal surface [24, 25] . Since both anodic dissolution of iron and hydrogen evolution were suppressed, the studied molecules behave like a mixed inhibitor [26] .
Polarization resistances of Fe electrodes without and in the presence of the inhibitors EBT, BTA and DTA are measured when the electrode potential is swept over a small range from E corr (± 10 mV, which does not affect the natural corrosion process). These results are shown in Figure 2 and their values are given in Table 1 . The values of associated electrochemical parameters, such as corrosion potential (E corr ) and corrosion current density (I corr ), were calculated from the intersection of anodic and cathodic Tafel slopes of the polarization curves and are shown in Table 1 . The IE (%) was calculated using the following equation:
(1) Compound name and structure The optimized geometries of the studied compounds are shown in Figure 3 together with the Mulliken charges population at the so called frontier orbitals HOMO and LUMO.
6-ethoxybenzo[d]thiazol-2-amine (EBT)
The shape and symmetry of HOMO and LUMO are the main parameters for estimating the reactivity of a molecule as well as estimating the course of chemical reactions [12, 27] . The analysis of HOMO indicates the regions of the molecule that have a tendency to donate electrons to electrophilic species while the analysis of LUMO predicts the regions of the molecule with a high tendency to accept electrons from nucleophilic species. Ionization potential is directly related to the energy of the HOMO orbital and the electron affinity is dependent on the energy of the LUMO orbital. Our results show that HOMO and LUMO are delocalized throughout the molecules of the selected compounds. In EBT, the HOMO orbital has the highest distribution on the C5=C6 and C3=C4 double bonds and at nitrogen atoms at N1=C7 and N2, which implies that these are the regions of the molecule with the highest tendency to donate electrons; LUMO is strongly localized on the C11 atom. In the BTA molecule, the HOMO orbital is spread in the region between the C2=C3 (greater extent) and C1=N1 (less extent) double bonds and at the nitrogen atom at N2; LUMO is strongly localized between the ring atoms. In DTA, the HO-MO orbital is spread in the region between the C2=C3 double bond; LUMO is spread out on almost all atoms of the aromatic rings between S1-C1-N2 atoms.
We have also calculated the molecular volume (MV) of three studied compounds. Molecular volume governs the surface coverage of the inhibitor on the metal surface. The compound that would have the highest surface coverage of the metal typically corresponds to that with the greatest inhibition efficiency. A comparison of the MV values across structures show the order EBT>DTA>BTA. Therefore, the expected order of inhibition efficiency would favorably be such that EBT>DTA>BTA, which is not the case with experimentally obtained inhibition efficiency for these compounds. The properties influencing the reactivity of the compound include the energy of HOMO (E HOMO ), the energy of LUMO (E LUMO ), the energy difference between HOMO and LUMO (∆E), global hardness (η), global softness (σ) and the dipole moment (μ), etc. These parameters are reported in Table 2 .
As mentioned before, the energy of HOMO shows the capability of the molecule to donate electrons [12, 17, 28] . The molecule with the higher E HOMO has electrons with higher energy and therefore it can easily share these electrons with other species. In the investigated compounds, the order of the E HOMO is BTA>EBT>DTA; consequently, BTA should have the highest tendency to adsorb onto the metal surface and provide electrons the lone pair electrons on S and N atoms to the unoccupied iron d-orbital [29, 30] . This trend agrees very well with experimentally determined inhibition efficiencies. A negative value for E HOMO indicates physical adsorption of the organic molecule [31] .
T a b l e 2
The molecular properties for the investigated compounds using: DFT, B3LYP/6-31G (d,p The energy of LUMO shows the tendency of the molecule to accept electrons from an electronrich species. The molecule with the lowest energy of LUMO has the highest tendency to accept electrons. The trend in E LUMO for the calculated compounds is such that BTA < DTA < EBT, which implies that BTA would preferentially accept electrons from the metal surface.
The trend in the E LUMO , however, does not also correlate well with the trend in the experimentally determined inhibition efficiency.
The energy difference between the E HOMO and the E LUMO , ∆E, tells about the reactivity of the molecule towards other chemical species. The molecule with the lowest ∆E value has the highest tendency towards reactivity and would favorably interact with the metal surface. A comparison of the ∆E values of the studied compounds shows that the trend is such that EBT < DTA< BTA. This trend also does not correlate well with the trend in the experimentally determined inhibition efficiencies.
The global hardness and softness parameters are frequently discussed in terms of hard-soft-acidbase (HSAB) theory. According to this theory, soft acids interact preferentially with soft bases and hard ones with hard bases. Metals are generally considered to be soft acids [32] ; therefore, they would preferentially interact with inhibitors that have high σ values and low η values. The σ values for the investigated compounds follow the trend EBT<BTA<DTA, which is not in good agreement with experimentally determined inhibition efficiency of the inhibitors. The dipole moment tells about the polarity of the molecule. Numerous researchers in the area of corrosion science have established that an increase in the inhibition efficiency is related to the increase in the dipole moment [28] . The order of the dipole moment for the studied compounds is such that BTA≈ EBT>DTA. This trend correlates well with experimentally determined inhibition efficiency.
Some molecular properties apart the reactivity of molecules also indicate the site selectivity in an individual chemical species, i.e., the regions of the molecules on which certain type of reactions are likely to occur. The partial atomic charge on the atoms of the molecule is one of these parameters. The interaction between the metal and the inhibitor is often considered to preferentially take place on the atom with the highest negative charge [33] . The Mulliken atomic charges for the studied compounds are reported in Table 3 and the highest negative charge on all the molecules is located on the heteroatoms, which suggests that these centers have the highest electron density and would preferentially interact with the metal surface. This is in agreement with the results obtained by Maniavel et al. [34] , which showed that inhibitor properties of (S)-4,5,6,7-tetrahydrobenzo [d] thiazole-2,6-diamine (TDA) molecule on the iron surface were due to the electrostatic attraction between heteroatom in the TDA and iron surface. 
CONCLUSIONS
The inhibition efficiency of: 6-ethoxybenzo [d] thiazol-2-amine (EBT), 5-bromothiazol-2-amine (BTA) and 4,5-dimethylthiazol-2-amine (DTA) has been investigated by experimental techniques and quantum chemical approaches. Potentiodynamic measurements put in evidence the inhibitor properties of these thiazole derivatives toward ion corrosion in aqueous acid medium. The quantum chemical calculations revealed information about the active centers (of the compounds) which would likely interact with the metal surface. The analysis of the HOMO and LUMO orbital energies showed the possible electron donating centers on the inhibitor molecules and this tendency is also confirmed by calculating charges on the atoms. Experimental and theoretical results show that the inhibition efficiencies are highest for thiazole rings that contain extra hetero atoms apart that of the thiazole ring; these values are in good agreement with the calculated Mülliken charges, which impose that these atoms are more prone to adsorb on the iron surface and thus have a greater impact on corrosion inhibition efficiency. E HOMO , dipole moment and Mülliken atomic charges are the parameters which best correlate with the experimental data.
